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STRAINED SILICON COMPLEMENTARY
METAL OXIDE SEMICONDUCTOR
INCLUDING A SILICON CONTAINING
TENSILE N-TYPE FIN FIELD EFFECT
TRANSISTOR AND SILICON CONTAINING
COMPRESSIVE P-TYPE FIN FIELD EFFECT

TRANSISTOR FORMED USING A DUAL
RELAXED SUBSTRATE

BACKGROUND

Technical Field

The present disclosure relates to semiconductor devices,
such as semiconductor devices including fin structures.

Description of the Related Art

The dimensions of semiconductor field effect transistors
(FE'Ts) have been steadily shrinking over the last thirty years
or so, as scaling to smaller dimensions leads to continuing
device performance improvements. Planar FET devices
typically have a conducting gate electrode positioned above
a semiconducting channel, and electrically 1solated from the
channel by a thin layer of gate oxide. Current through the
channel 1s controlled by applying voltage to the conducting
gate. With conventional planar FET scaling reaching fun-
damental limits, the semiconductor industry 1s looking at
more unconventional geometries that will facilitate contin-

ued device performance improvements. One such class of
device 1s a fin field eflect transistor ({iInFET).

SUMMARY

In one aspect, a method of forming semiconductor
devices 1s provided that employs a high phosphorus con-
centration silicon containing layer to produce compressive
silicon, 1 which the compressive strain provides for
increased carrier speed 1n p-type semiconductor devices. In
one embodiment, the method may include forming a semi-
conductor material including silicon and phosphorus and
epitaxially forming a compressive silicon (S1) containing
material on the semiconductor matenial including the silicon
and phosphorus. The method may continue with forming fin
structure from the compressive silicon and forming a gate
structure on a channel region of the fin structures having the
compressive strain. P-type source and drain regions may
then be formed on opposing sides of the channel region.

In another embodiment, the method includes forming a
strain relaxed buller (SRB) layer atop a supporting substrate,
and epitaxially forming a tensile semiconductor material
atop a first portion of the strain relaxed bufler layer (SRB)
layer. A second portion of the SRB layer 1s removed, and a
semiconductor material including a base material of silicon
and phosphorus 1s formed atop a surface of the supporting
substrate exposed by removing the second portion of the
SRB layer. A compressive semiconductor material 1s epi-
taxially forming atop the semiconductor material including
the base material of silicon and phosphorus. Compressive
FinFET structures can then be formed from the compressive
semiconductor material and tensile FinFET structures can
then be formed from the tensile semiconductor material.

In another aspect of the present disclosure, a semicon-
ductor device 1s provided including a compressively strained
fin structure composed of an epitaxial silicon containing
material atop a semiconductor layer composed of silicon and
phosphorus. A gate structure 1s present on a channel portion
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of the fin structure, and p-type source and drain regions are
present on opposing sides of the channel portion of the fin
structure. In some embodiments, the semiconductor layer
composed of silicon and phosphorus has a base material
composition that 1s silicon phosphide (S1,P.,).

BRIEF DESCRIPTION OF DRAWINGS

The following detailed description, given by way of
example and not intended to limit the disclosure solely
thereto, will best be appreciated in conjunction with the
accompanying drawings, wherein like reference numerals
denote like elements and parts, 1n which:

FIG. 1 1s a side cross-sectional view that depicts forming,
a strain relaxed bufler (SRB) layer on a semiconductor
substrate, 1n accordance with one embodiment of the present
disclosure.

FIG. 2 1s a side cross-sectional view depicting forming

1solation regions to define a first device region for a first
conductivity type device and a second device region for a
second conductivity type device, in accordance with one
embodiment of the present disclosure.

FIG. 3 1s a side cross-sectional view depicting one
embodiment of a first block mask over the first device
region.

FIG. 4 1s a side cross-sectional view depicting one
embodiment of an etch process for removing the semicon-
ductor material of the strain relaxed bufler (SRB) layer from
the second device region, 1n which a remaining portion of
the semiconductor material of the SRB layer i1s protected
from being removed from the first device region by the first
block mask, 1n accordance with the present disclosure.

FIG. 5 1s a side cross-sectional view depicting one
embodiment of epitaxially forming a semiconductor mate-
rial including a base material of silicon and phosphorus atop
the semiconductor substrate 1n the second device region, in
accordance with the present disclosure.

FIG. 6 1s a side cross-sectional view depicting one
embodiment of epitaxially forming a compressive silicon
containing material on the semiconductor material including
a base material of silicon and phosphorus.

FIG. 7 1s a side cross-sectional view depicting forming a
second block mask over the compressive silicon containing
material that 1s i the second region of the device, in
accordance with one embodiment of the present disclosure.

FIG. 8 15 a side cross-sectional view depicting epitaxially
forming a tensile silicon contaiming material on the SRB
layer, 1n accordance with one embodiment of the present
disclosure.

FIG. 9 15 a side cross-sectional view depicting removing,
the second block mask.

FIG. 10 1s a side cross-sectional view depicting one
embodiment of patterning the tensile silicon containing
maternal to provide tensile strained fin structures, and pat-
terning the compressive silicon containing material to pro-
vide compressive strained fin structures, in accordance with
the present disclosure.

FIG. 11 1s a top down view depicting n-type Fin type Field
Effect Transistors (n-type FinFETs) formed from the tensile
strained fin structures and p-type Fin type Field Effect
Transistors (p-type FinFETs) formed from the compressive
strained fin structures, 1n accordance with one embodiment
of the present disclosure.

DETAILED DESCRIPTION

Detalled embodiments of the claimed structures and
methods are disclosed herein; however, it 1s to be understood
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that the disclosed embodiments are merely 1llustrative of the
claimed structures and methods that may be embodied 1n
various forms. In addition, each of the examples given in
connection with the various embodiments are intended to be
illustrative, and not restrictive. Further, the figures are not
necessarily to scale, some features may be exaggerated to
show details of particular components. Therefore, specific
structural and functional details disclosed herein are not to
be interpreted as limiting, but merely as a representative
basis for teaching one skilled 1n the art to variously employ
the methods and structures of the present disclosure. For
purposes of the description hereinaiter, the terms “upper”,
“lower”, “right”, “left”, “vertical”, “horizontal”, “top™, “bot-
tom”, and derivatives thereof shall relate to the embodi-
ments of the disclosure, as it 1s oriented 1n the drawing
figures. The terms “positioned on” means that a first ele-
ment, such as a first structure, 1s present on a second
clement, such as a second structure, wherein intervening
clements, such as an interface structure, e.g. interface layer,
may be present between the first element and the second
clement. The term “direct contact” means that a first ele-
ment, such as a first structure, and a second element, such as
a second structure, are connected without any intermediary
conducting, insulating or semiconductor layers at the inter-
tace of the two elements.

As used herein, “semiconductor device” refers to an
intrinsic semiconductor material that has been doped, that 1s,
into which a doping agent has been introduced, giving it
different electrical properties than the intrinsic semiconduc-
tor. Doping involves adding dopant atoms to an intrinsic
semiconductor, which changes the electron and hole carrier
concentrations of the intrinsic semiconductor at thermal
equilibrium. Dominant carrier concentration in an extrinsic
semiconductor determines the conductivity type of the semi-
conductor. A field eflect transistor (FET) 1s a semiconductor
device 1 which output current, 1.e., source-drain current, 1s
controlled by the voltage applied to a gate structure to the
semiconductor device. A field effect transistor has three
terminals, 1.e., gate structure, source region and drain region.
As used herein, a “fin structure” refers to a semiconductor
material, which 1s employed as the body of a semiconductor
device, 1n which the gate structure 1s positioned around the
fin structure such that charge tlows down the channel on the
two sidewalls of the fin structure and optionally along the
top surface of the fin structure. A FinFET 1s a semiconductor
device that positions the channel region of the semiconduc-
tor device 1n a fin structure.

It has been determined that for some scenarios, achieving
n-type field eflect transistor (nFET) performance targets in
tuture technology nodes may require tensely straining the
silicon for the nFET. Strain relaxed substrates can be
employed in producing tensely strained structures. Strain
relaxed buflers (SRB), otherwise called graded bufler layers
(GBL) are one way to produce a relaxed Si1Ge layer on top
of a commonly used silicon wafer. In some embodiments, to
meet the performance targets for p-type field eflect transis-
tors (pFETs) in complementary metal oxide semiconductor
(CMOS) arrangements, the pFET should be compressively
strained. One way to product compressively strained silicon
for PFETs 1s by using a silicon germanium (S1Ge) alloy
which has a higher concentration of germanium (Ge) than
the uppermost surface of the SRB layers. But, 1t has been
determined that this approach may not result 1n a reliable
gate stack for the pFET.

The methods and structures disclosed herein provide both
nFET and pFET devices including channel regions formed
from silicon (S1), which avoid the above noted reliability
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4

problems that result from using silicon germamum as a
channel material for the pFET device. The methods and
structures disclosed herein also lead to easier integration by
avoiding a dual channel material solution. As will be
described in further detail below, the present disclosure
provides tensely strained silicon (S1) for nFET devices
epitaxially formed on an SRB layer, while also providing
compressively strained silicon (S1) for pFET devices epi-
taxially formed on a material mcluding silicon and phos-
phorus, e.g., silicon phosphide S1,P,, 1n a CMOS device
arrangements. The semiconductor material including silicon
and phosphorus used for the epitaxial growth surface for the
compressive silicon (S1) has a smaller lattice constant than
silicon, leading to compressively strained silicon for the
pFET. The methods and structures of the present disclosure
are now discussed with more detail referring to FIGS. 1-11.

FIG. 1 depicts a strain relaxed bufler (SRB) layer 10 on
a semiconductor substrate 3, 1.e., supporting substrate. The
semiconductor substrate 5 may be a bulk semiconductor
substrate. In some embodiments, the semiconductor sub-
strate 3 may be composed of a type IV semiconductor
material or a compound semiconductor material. By “type
IV semiconductor” 1t 1s meant that the semiconductor mate-
rial includes at least one element from Group IVA (1.e.,
Group 14) of the Periodic Table of Elements. Examples of
type IV semiconductor materials that are suitable for the fin
structure 1nclude silicon (S1), germanium (Ge), silicon ger-
mamum (S1Ge), silicon doped with carbon (S1:C), silicon
germanium doped with carbon (S1Ge:C) and a combination
thereof. Typically, the semiconductor substrate 5 1s com-
posed of silicon (S1), e.g., single crystal silicon.

FIG. 1 further depicts a strain relaxed bufler (SRB) layer
10 being present on the semiconductor substrate 3, 1n which
the semiconductor material layer 10 1s relaxed. The term
“relaxed” denotes a semiconductor maternial layer that does
not have an internal strain, in which the lattice dimension in
the direction parallel to the channel plane (x-direction),
perpendicular to the channel plane (y-direction) and out of
the channel plane (z-direction) are the same. In some
embodiments, a strain relaxed bufier (SRB) layer 10 that 1s
substantially relaxed has a strain no greater than about
+/—0.1 GPa tensile or compressive. In one example, the
strain relaxed builer (SRB) layer 10 may be completely
relaxed.

In one embodiment, the strain relaxed buller (SRB) layer
10 may be composed of one or multiple layers of silicon
germanium (S1Ge). In some embodiments, the relaxed semi-
conductor layer may be composed of silicon germanium
(S1Ge) having a low germanium content (Ge). For example,
the relaxed semiconductor layer 10 may be composed of
silicon germanium (S1Ge), i which the germanium (Ge)
content 1s 25% or less, or may be composed of a multilay-
ered structure 1n which the upper surface of the multilayered
structure has a germanium (Ge) content of 25% or less. It 1s
noted that the above examples for relaxed semiconductor
matenals 1s provided for illustrative purposes only, and the
present disclosure 1s not intended to be limited to only these
examples. In one example, the strain relaxed bufler (SRB)
layer 10 may be composed of multilayers of silicon (S1),
silicon germanium (S1Ge), and silicon germanium doped
with carbon (S1Ge:C). The compositions of the different
material layer in the strain relaxed bufler (SRB) layer may
be selected 1n order to relax strain. The thickness for the
material layers within the different maternial layers of the
strain relaxed bufler layer may also be selected to relax
strain. For example, the thickness of the SRB layer 10 may
be on the order of a micron.
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It 1s noted that the above examples are provided for
illustrative purposes only, and are not intended to limit the
present disclosure, as any semiconductor material may be
suitable for the strain relaxed bufler (SRB) layer 10, so long
as the material selected has a lattice dimension that can
provide a deposition surface for the later formed strained
semiconductor materials that provide the active region of the
fin structures for producing n-type semiconductor devices
having a tensile strain.

In some embodiments, the strain relaxed butler (SRB)
layer 10 may be formed using a deposition process, such as
epitaxial deposition. The terms “‘epitaxial growth and/or
deposition” means the growth of a semiconductor material
on a deposition surface of a semiconductor material, 1n
which the semiconductor material being grown has substan-
tially the same crystalline characteristics as the semiconduc-
tor material of the deposition surface. The term “epitaxial
semiconductor material” denotes a material that 1s formed
using epitaxial growth. In some embodiments, when the
chemical reactants are controlled and the system parameters
set correctly, the depositing atoms arrive at the deposition
surface with suflicient energy to move around on the surface
and orient themselves to the crystal arrangement of the
atoms of the deposition surface. Thus, 1n some examples, an
epitaxial film deposited on a {100} crystal surface will take
ona {100} orientation. The epitaxial deposition process may
employ a chemical vapor deposition apparatus, €.g., plasma
enhanced chemical vapor deposition (PECVD), metal
organic chemical vapor deposition (MOCVD).

FIG. 2 depicting forming 1solation regions 15 to define a
first device region 20 for a first conductivity type device,
¢.g., n-type device, and a second device region 25 for a
second conductivity type device, e.g., p-type device. The
term “conductivity type” as used to described the devices in
the first and second device regions 20, 25 mean that the
devices formed in these regions have source and drain
regions that are doped with a dopant that 1s either a p-type
dopant or an n-type dopant. The 1solation regions 16 may be
tformed by etchung a trench through the strain relaxed butler
(SRB) layer 10a, 105 1nto the substrate 5 utilizing a con-
ventional dry etching process, such as reactive-ion etching,
(RIE) or plasma etching. The trenches may optionally be
lined with a liner material, e.g., an oxide, and then chemical
vapor deposition (CVD) or another like deposition process
1s used to fill the trench with a dielectric material. The
dielectric material that 1s deposited in the trench to form the
1solation regions 16 may be an oxide, such as silicon oxide,
or a nitride, such as silicon nitride. The 1solation regions 16
may optionally be densified after deposition. A planarization
process, such as chemical-mechanical polishing (CMP),
may optionally be used to provide a planar structure.

FIG. 3 depicts one embodiment of forming a first block
mask 30 over the first device region 20. The first block mask
30 may be composed of a matenial that may be etched
selectively to the at least one of the SRB layer 10a, 105. The
term “selective” as used to describe a material removal
process denotes that the rate of material removal for a first
maternial 1s greater than the rate of removal for at least
another material of the structure to which the material
removal process 1s being applied. In some embodiments, the
first block mask 30 may be a nitride, such as silicon nitride,
oxide, such as silicon oxide, or a silicon oxynitride. In yet
other examples, the first block mask 30 can be composed of
hatnium oxide, hatnium silicon oxide, hatnium silicon
oxynitride, lanthanum oxide, lanthanum aluminum oxide,
zirconium oxide, zirconium silicon oxide, zirconium silicon
oxynitride, tantalum oxide, titanium oxide, barium strontium
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fitamium oxide, barium titanium oxide, strontium titanium
oxide, yitrium oxide, aluminum oxide, lead scandium tan-
talum oxide, lead zinc niobate, nitrided hatnium silicate
(HIS1ON), lanthanum oxide (La;0,), lanthanum aluminate
(LaAlO,), zirconmum silicate (ZrS10,) and combinations
thereof. It 1s noted that the above compositions are only
examples of dielectric compositions that can be suitable for
forming the first block mask 30, and 1t 1s not intended that
the present disclosure be limited to only those examples.

Referring to FIG. 3, the first block mask 30 may be
blanket deposited over the entirety of the first and second
device regions 20, 25. The first block mask 30 may be
deposited using chemical vapor deposition (CVD), such as
plasma enhanced CVD (PECVD) or metal organic chemical
vapor deposition (MOCVD). The first block mask 30 may
also be formed using chemical solution deposition or physi-
cal vapor deposition. The first block mask 30 may have a
thickness ranging from 2 nm to 30 nm. In other embodi-
ments, the thickness of the first block mask 30 ranges from
> nm to 25 nm.

The blanket material layer that has been deposited for the
first block mask 30 may be patterned so that the remaining
portion only present in the first device region 20. In a first
step, a portion of the first block mask 30 may be removed
from the second device region 25 to expose the underlying
SRB layer 105, in which a remaining portion of the first
block mask 30 1s present atop the SRB layer 10a 1n the first
device region 20. In one embodiment, an etch mask, e.g.,
photoresist mask (not shown), may be formed on a blanket
material layer for the first block mask 30 in the first region
20. To provide the photoresist mask, a photoresist layer 1s
first positioned on the blanket material layer for the first
block mask 30. The photoresist layer may be provided by a
blanket layer of photoresist material that 1s formed utilizing
a deposition process such as, for example, chemical vapor
deposition, plasma enhanced chemical vapor deposition,
evaporation or spin-on coating. The blanket layer of photo-
resist material 1s then patterned to provide the photoresist
mask utilizing a lithographic process that may include
exposing the photoresist material to a pattern of radiation
and developing the exposed photoresist material utilizing a
resist developer. The developed photoresist mask 1s present
over the first device region 20 of the substrate leaving the
second device region 25 of the substrate 5 including the
portion of the blanket layer for the first block mask 30 that
1s to be removed exposed. The exposed portion of the
blanket layer for the first block mask 30 may be etched using
an etch process that 1s selective to at least the photoresist
mask, wherein the portion of the blanket layer for the first
block mask 30 that 1s protected by the photoresist mask 235
remains in the first device region 20 of the substrate 5.

FIG. 4 depicts one embodiment of an etch process for
removing the semiconductor material of the strain relaxed
bufler (SRB) layer 105 from the second device region 25, in
which a remaining portion of the semiconductor material of
the SRB layer 10a 1s protected from being removed from the
first device region 20 by the first block mask 30. The
exposed portion of the SRB layer 106 that 1s present in the
second device region 25 of the substrate 3 may be removed
using an etch that is selective to at least one of the first block
mask 30 and the semiconductor substrate 5. The etch process
for removing the strain relaxed bufler (SRB) layer 106 may
include reactive 1on etch (RIE), plasma etching, 1on beam
etching or laser ablation/etching.

FIG. 5 depicts one embodiment of epitaxially forming a
semiconductor material 35 including a base material of
s1licon and phosphorus on the semiconductor substrate S 1n
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the second device region 25. The term “base material™
denotes the composition of the material without dopants for
providing charger carriers, €.g., p-type or n-type dopants for
providing electron or hole charge carriers. The semiconduc-
tor material 35 1s formed of a semiconductor material having
a phosphorus content that 1s selected so that the silicon and
phosphorus alloy has a lattice dimension that 1s less than the
lattice dimension of silicon (S1). The lattice dimension may
be alternatively referred to as a lattice constant. The lattice
constant, or lattice parameter, refers to the physical dimen-
sion of unit cells 1n a crystal lattice. Silicon has a lattice
dimension that is equal to 5.431 A. In some embodiments,
the composition of the semiconductor material 35 having a
base material composed of silicon and phosphorus 1s
selected to have a lattice dimension equal to 5.4 A or less.
For example, the lattice dimension of the semiconductor
material 35 with the base material composed of silicon and
phosphorus may range from 4.9 A to 5.3 A. In one embodi-
ment, the semiconductor material 35 including silicon and
phosphorus comprises a base material of silicon phosphide
(S1,P,). In some embodiments, the lattice dimension of
silicon phosphide may range from 4.998 A to 5.038 A. In
one example, the lattice dimension of silicon phosphide may
be equal to 5.027.

The semiconductor material 35 including the base mate-
rial of silicon and phosphorus i1s epitaxially grown atop the
semiconductor substrate 5, which may be a silicon (S1)
monocrystalline substrate. In some embodiments, when the
semiconductor material 35 including the base matenal of
silicon and phosphorus 1s silicon phosphide (S1,P,), the
silicon phosphide (S1,P,,) 1s epitaxially grown directly on a
s1licon containing substrate, €.g., a silicon (S1) substrate that
1s monocrystalline, 1.e., single crystal silicon. In some
embodiments, silicon phosphide (S1;P., ) 1s formed when an
overabundance of phosphine i1s flown into the process gas
during a fast growing low temperature epitaxial silicon
process. The epitaxial silicon process for producing the
semiconductor material 35 including the base material of
s1licon and phosphorus may be conducted in the deposition
chamber of a chemical vapor deposition device. Chemical
vapor deposition (CVD) 1s a deposition process 1 which a
deposited species 1s formed as a result of chemical reaction
between gaseous reactants at greater than room temperature
(e.g., 250° C. to 900° C.); wherein solid product of the
reaction 1s deposited on the surface on which a film, coating,
or layer of the solid product 1s to be formed. Variations of
CVD processes include, but not limited to, Atmospheric
Pressure CVD (APCVD), Low Pressure CVD (LPCVD),
Plasma Enhanced CVD (PECVD), Metal-Organic CVD
(MOCVD) and combinations thereol may also be employed.

Forming semiconductor material 35 including a base
material of silicon and phosphorus typically includes tlow-
ing a silicon containing precursor gas and a phosphorus
containing precursor gas into the deposition chamber of the
chemical vapor deposition (CVD) apparatus containing the
deposition surface provided by the exposed upper surface of
the semiconductor substrate 5 1n the second region 25.

Examples of silicon containing precursors used to form a
semiconductor material 35 including a base material of
silicon and phosphorus may include), silane (S1H,), dichlo-
rosilane (Cl,SiH,), trichlorosilane (Cl,SiH), methylsilane
((CH,)S1H,),) disilane (S1,H.) and combinations thereof.
Examples of phosphorus containing precursors may include
phosphine (PH,) or silylphosphines.

In one embodiment, the epitaxial deposition process for
forming a semiconductor material 35 of silicon phosphide
(S1,P,) includes silane at a pressure ranging from 500 torr to
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700 torr, and a temperature ranging from 500° C. to 700° C.
with 300 sccm to 400 sccm of 10% phosphine. In one
example, the epitaxial deposition process for forming a
semiconductor material 35 of silicon phosphide (Si13P,)
includes silane at a pressure of 600 torr and a temperature of
approximately 600° C. with 380 sccm of 10% phosphine.

In some embodiments, the semiconductor material 35
including the base material composed of silicon and phos-
phorus, e.g., silicon phosphide (S1,P,), 1s relaxed. In some
embodiments, the semiconductor material 35 including the
base material composed of silicon and phosphorus, e.g.,
s1licon phosphide (S1;P,), which 1s substantially relaxed has
a strain no greater than about +/-0.1 GPa tensile or com-
pressive. In one example, the semiconductor material 35
including the base material composed of silicon and phos-
phorus, e.g., silicon phosphide (S1,P,), may be completely
relaxed. In this example, the combination of the semicon-
ductor material 35 including the base material composed of
silicon and phosphorus, e.g., silicon phosphide (S1,P.,), and
the remaining portion of the SRB layer 10a provide a dual
relaxed substrate that can be used for forming compressive
and tensile silicon 1 p-type and n-type applications for
CMOS device arrangements.

In some embodiments, when forming the semiconductor
material 35 including a base material composed of silicon
and phosphorus, the silicon phosphide (S1,P,) compound
gets incorporated into the silicon (Si1) lattice and creates a
tensile strain (tensile strain in the overlying silicon (Si))
when compared to the underlying silicon substrate lattice.
Most of the phosphorus (P) 1s chemically bound and not
clectrically active. For example, for an overall phosphorus
concentration of 4x10°" atoms/cm” but only about 2x10°"
atoms/cm” to 3x10°° atoms/cm” of the phosphorus is elec-
trical active, 1n which electrical active phosphorus 1s not
bound 1n the S1,P,. Silicon phosphide (S1,P,) 1s thermally
stable. For example, laser spike annealing (LSA) may take
temperatures greater than 1200° C. to relax the strain, but
these temperatures can increase the active phosphorus
amount, which 1s an indication of decomposition of the
silicon phosphide (S1,P,) compound.

In some embodiments, the semiconductor material 35
including the base material composed of silicon and phos-
phorus may be deposited to a thickness ranging from 500 nm
to 2.5 micron. In some embodiments, the semiconductor
material 35 mcluding the base material composed of silicon
and phosphorus may be deposited to a thickness ranging
from 750 nm to 1.25 micron. In one example, the semicon-
ductor material 35 including the base material composed of
s1licon and phosphorus may be deposited to a thickness of 1
micron.

FIG. 6 depicting one embodiment of epitaxially forming
a compressive semiconductor material 40 on the semicon-
ductor material 35 including the base material of silicon and
phosphorus. The compressive semiconductor material 40
has a composition that 1s selected to have a greater lattice
dimension than the underlying semiconductor material 35
including a base material composed of silicon and phospho-
rus. In some embodiments, the lattice dimension of the
compressive semiconductor material 40 may be greater than
5 A. In another embodiment, the lattice dimension of the
compressive semiconductor material 40 may be greater than
5.1 A. In yet other embodiments, the lattice dimension of the
compressive semiconductor material 40 may be greater than
5.2 A. In even further embodiments, the lattice dimension of
the compressive semiconductor material 40 may be greater
than 5.3 A. In another embodiment, the lattice dimension of
the compressive semiconductor material 40 may be greater
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than 5.4 A. It is noted that the lattice dimension of the
compressive semiconductor material 40 may be within a
range having a lower value and an upper value provided by
any of the alorementioned values for the lattice dimension of
the compresswe semiconductor material 40. In one example,
the compressive semiconductor material 40 1s silicon (S1),
¢.g., monocrystalline silicon (51).

The compressive semiconductor material 40 1s epitaxially
formed atop the underlying semiconductor material 335
including the base material composed of silicon and phos-
phorus, i which the difference 1n lattice dimensions
between the two material layers produces a compressive
strain. Similar to the underlying semiconductor material 35,
the compressive semiconductor material 40 may be formed

using a chemical vapor deposition (CVD) apparatus, e.g.,
Atmospheric Pressure CVD (APCVD), Low Pressure CVD

(LPCVD), Plasma Enhanced CVD (PECVD), Metal-Or-
ganic CVD (MOCVD) and combinations thereof. Examples
of silicon containing precursors used to form the compres-
sive semiconductor material 40 include hexachlorodisilane
(S1,Cl,), tetrachlorosilane (S1Cl,), dichlorosilane (C1,S1H,),
trichlorosilane (Cl,SiH), silane (S1H,), trichlorosilane
(C1,S1H), methylsilane ((CH,)Si1H,), disilane (S1,H,) and
combinations thereof.

Similar to the method of forming the semiconductor
material 35 including the base material composed of silicon
and phosphorus, the compressive semiconductor material 40
may be selectively epitaxially formed. For example, the
compressive semiconductor material 40 1s epitaxially
formed on the exposed semiconductor material 35 in the
second region 25 of the device, but 1s not formed on
dielectric surfaces, such as the first block mask 30 overlying
the remaining portion of the SRB layer 10q 1n the first region
20 of the device.

The thickness of the compressive semiconductor material
40 1s typically selected to provide the height of {in structures
for the p-type FinFET semiconductor devices that are ulti-
mately formed 1n the second region 25 of the device. For
example, the thickness of the compressive semiconductor
material 40 may range from 5 nm to 200 nm. In another
example, the thickness of the compressive semiconductor
material 40 may range from 10 nm to 100 nm. The com-
pressive semiconductor material 40 may be composed of
substantially defect free monocrystalline silicon. For
example, the defect concentration 1n the compressive semi-
conductor material 40 may be no greater than 1000 defects/
cm”. In another embodiment, the maximum amount of
defects formed 1n the compressive semiconductor material
40 may be no greater than 10 defects/cm®. In one example,
the compressive semiconductor material 40 1s dislocation
defect free.

In one embodiment, the compressive strain in the com-
pressive silicon (S1) containing material ranges from 0.2% to
2%. In another embodiment, the compressive strain 1n the
compressive silicon (S1) containing material may range from
0.5% to 1.5%. In yet another embodiment, the compressive
strain 1n the compressive silicon (S1) containing material
may range from 0.7% to 1.2%. The compressive strain
produced in the compressive semiconductor material 40
increases carrier transport i p-type semiconductor devices.

FIG. 7 depicts one embodiment of forming a second block
mask 45 over the compressive semiconductor material 40
that 1s 1 the second region 235 of the device. In some
embodiments, forming the second block mask 45 may begin
with removing the first block mask 30 from the first device
region 20. The first block mask 30 may be removed by a
selective etch. Following removing the first block mask 30,
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the second block mask 45 may be formed entirely over the
compressive semiconductor material 40 that 1s present 1n the
second device region 25 using deposition, photolithography
and etching processes. The second block mask 45 leaves the
first device region 20 including the remaining portion of the
SRB layer 10a exposed therein exposed. The second block
mask 45 may be a hard mask similar to the first block mask
30 that 1s described above with reference to FIG. 3. There-
fore, the above description of the composition and method
of forming the first block mask 30 that 1s depicted 1n FIG.
3 can be suitable for describing some embodiments on
second block mask 45 that 1s depicted in FIG. 7. For
example, the second block mask 45 may be an oxide, such
as silicon oxide, or a nitride such as silicon nitride.

FIG. 8 depicts one embodiment of epitaxially forming a
tensile semiconductor containing material 50 on the exposed
remaining portion of the SRB layer 10a. Typically, to
provide the tensile strain 1n the tensile semiconductor mate-
rial 50, a material composition 1s selected to have a lesser
lattice dimension than the underlying SRB layer 10q. In
some embodiments, when the SRB layer 10a 1s composed of
silicon germamum (Si1Ge), the upper surface of the SRB
layer 10a may have a lattice constant ranging from 5.4825
A to 5.5966 A. In one example, when the upper surface of
the tensile semiconductor containing material 50 1s silicon
germanium (S1Ge) including approximately 25% germa-
nium (Ge), the lattice constant for the material may be
substantially equal to 5.4825 A.

The tensile semiconductor material 50 has a composition
that provides a lattice dimension less than the SRB layer
10a. For example, 1f the SRB layer 10aq 1s composed of
silicon germanium (S1Ge), the tensile semiconductor mate-
rial 50 may be composed of silicon (S1), €.g., monocrystal-
line silicon (S1). Silicon (S1) has a crystal lattice that 1s equal
to 5.431 A. It is noted that silicon (Si) is not the only material
that 1s suitable for the tensile semiconductor material 50.
Other compositions may also be provided so long as the
lattice dimension of the tensile semiconductor layer 50 is
less than the SRB layer 10aq. In some embodiments, the
lattice dimension of the tensile semiconductor material 50
may be less than 5.5 A. In another embodiment, the lattice
dimension of the tensile semiconductor material 50 may be
less than 5.4 A. In yet other embodiments, the lattice
dimension of the tensile semiconductor material 50 may be
less than 5.3 A. In even further embodiments, the lattice
dimension of the tensile semiconductor material 50 may be
less than 5.2 A. In another embodiment, the lattice dimen-
sion of the tensile semiconductor material 50 may be less
than 5.1 A. It is noted that the lattice dimension of the tensile
semiconductor material 50 may be within a range having a
lower value and an upper value provided by any of the
aforementioned values for the lattice dimension of the
tensile semiconductor material 50.

The tensile semiconductor material 50 1s epitaxially
formed atop the underlying SRB layer 10a, in which the
difference in lattice dimensions between the two material
layers produces a tensile strain. The tensile semiconductor
material 50 may be formed using a chemical vapor deposi-
tion (CVD) apparatus, e.g., Atmospheric Pressure CVD
(APCVD), Low Pressure CVD (LPCVD), Plasma Enhanced
CVD (PECVD), Metal-Organic CVD (MOCVD) and com-
binations thereof. Examples of silicon containing precursors
used to form tensile semiconductor material 50 include
hexachlorodisilane (S1,Cl), tetrachlorosilane (S1Cl,),
dichlorosilane (Cl,S1H,), trichlorosilane (Cl;S1H), silane
(S1H,), trichlorosilane (Cl;S1H), methylsilane ((CH;)S1H,),
disilane (S1,H.) and combinations thereof.
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Similar to the method of forming the compressive semi-
conductor material 40, the tensile semiconductor material 50
may be selectively epitaxially formed. For example, the
tensile semiconductor material S0 1s epitaxially formed on
the exposed SRB layer 10aq 1n the first region 20 of the
device, but 1s not formed on dielectric surfaces, such as the
second block mask 435 overlying the compressive semicon-
ductor material 40 1n the second region 25 of the device.

The thickness of the tensile semiconductor material 50 1s
typically selected to provide the height of fin structures for
the n-type FinFET semiconductor devices that are ultimately
formed 1n the first region 20 of the device. For example, the
thickness of the tensile semiconductor material 50 may
range from 5 nm to 200 nm. In another example, the
thickness of the tensile semiconductor material 50 may
range from 10 nm to 100 nm. The tensile semiconductor
material 50 may be composed of substantially defect free
monocrystalline silicon. For example, the defect concentra-
tion in the tensile semiconductor material 50 may be no
greater than 1000 defects/cm”. In another embodiment, the
maximum amount of defects formed 1n the tensile semicon-
ductor material 50 may be no greater than 10 defects/cm”. In
one example, the tensile semiconductor material 50 1s dis-
location defect free.

In one embodiment, the tensile strain in the tensile silicon
(S1) containing material ranges from 0.2% to 2%. In another
embodiment, the tensile strain 1n the compressive silicon
(S1) contaiming material may range from 0.5% to 1.5%. In
yet another embodiment, the tensile strain in the compres-
s1ve silicon (S1) containing material may range from 0.7% to
1.2%. The tensile strain produced in the tensile semicon-
ductor material 50 increases carrier speed 1n n-type semi-
conductor devices.

Following formation of the tensile semiconductor mate-
rial 50, the second block mask 45 may be removed to expose
the upper surface of the compressive semiconductor material
40 that 1s depicted in FI1G. 9. The second block mask 45 may
be removed by a selective etch process.

FIG. 10 depicts one embodiment of patterning the tensile
semiconductor material 50 to provide tensile strained {in
structures 35, and patterning the compressive silicon con-
taining maternial 40 to provide compressive strained fin
structures 60. The fin structures 55, 60 may be formed using
photolithography and etch processes. In one embodiment,
the patterning process used to define each of the fin struc-
tures 55, 60 1s a sidewall 1mage transfer (SIT) process. The
SIT process can include forming a mandrel material layer
(not shown) on the material layer that provides the fin
structures 55, 60, such as the tensile semiconductor material
50 and the compressive semiconductor material 40. The
mandrel material layer can include any material (semicon-
ductor, dielectric or conductive) that can be selectively
removed from the structure during a subsequently performed
etching process. In one embodiment, the mandrel material
layer may be composed of amorphous silicon or polysilicon.
In another embodiment, the mandrel material layer may be
composed of a metal, such as, e.g., aluminum (Al), tungsten
(W), or copper (Cu). The mandrel material layer can be
formed by a deposition method, such as chemical vapor
deposition or plasma enhanced chemical vapor deposition.
In one embodiment, the thickness of the mandrel material
layer can be from 350 nm to 300 nm. Following deposition of
the mandrel material layer, the mandrel material layer can be
patterned by lithography and etching to form a plurality of
mandrel structures on the topmost surface of the semicon-
ductor containing material that provides the fin structures
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In some embodiments, the SIT process may continue by
forming a dielectric spacer on each sidewall of each mandrel
structure. The dielectric spacer can be formed by deposition
ol a dielectric spacer material, and then etching the depos-
ited dielectric spacer material. The dielectric spacer material
may comprise any dielectric spacer material such as, for
example, silicon dioxide, silicon nitride or a dielectric metal
oxide. Examples of deposition processes that can be used 1n
providing the dielectric spacer material include, but are not
limited to, chemical vapor deposition (CVD), plasma
enhanced chemical vapor deposition (PECVD), or atomic
layer deposition (ALD). Examples of etching that be used 1n
providing the dielectric spacers include any etching process
such as, e.g., reactive 1on etching (RIE). Since the dielectric
spacers are used in the SIT process as an etch mask, the
width of the each dielectric spacer determines the width of
each fin structure 55, 60.

In some embodiments, after formation of the dielectric
spacers, the SIT process continues by removing each man-
drel structure. Each mandrel structure can be removed by an
etching process that 1s selective for removing the mandrel
material as compared to silicon. Following the mandrel
structure removal, the SIT process continues by transferring
the pattern provided by the dielectric spacers into the
semiconductor material layer that provides the fin structures
55, 60, such as the tensile semiconductor material 50 and the
compressive sesmiconductor material 40. The pattern transier
may be achieved by utilizing at least one etching process that
can include dry etching, such as reactive 1on etching (RIE),
plasma etching, 1on beam etching or laser ablation, chemical
wet etch processes or a combination thereof. In one
example, the etch process used to transfer the pattern may
include one or more reactive 1on etching (RIE) steps. In
some embodiments, the etch process may be an etch process
including a chemistry that 1s selective to the SRB layer 10q
and the semiconductor material 35 composed of silicon and
phosphorus, that 1s underlying each of the tensile semicon-
ductor material 50 and the compressive semiconductor
material 40 that are patterned to provide the fin structures 53,
60. The etching steps pattern the semiconductor material
layer to provide the fin structures 55, 60. Following etching,
1.e., pattern transfer, the SIT process may conclude with
removing the dielectric spacers using an etch process or a
planarization process.

It 1s noted that the aforementioned spacer image transier
(SIT) process 1s only one method of forming the tensile
strained fin structures 53 and compressive strained fin struc-
tures 60. In another embodiment, each of the fin structures
55, 60 may be formed using a photoresist etch mask.

Still referring to FIG. 10, the etch process may continue
until each of the fin structures 55, 60 may have a height H,
ranging from 5 nm to 200 nm. In another embodiment, each
of the fin structures 35, 60 has a height H, ranging from 10
nm to 100 nm. In one example, each of the fin structures 55,
60 has a height H, ranging from 20 nm to 50 nm. Each of
the fin structures 55, 60 may have a width W, of less than
15 nm. In another embodiment, each of the fin structures 55,
60 has a width W, ranging from 3 nm to 8 nm. It 1s noted
that any number of fin structures 55, 60 may be employed in
accordance with the present disclosure. In some embodi-
ments, the pitch P1, 1.e., center to center, distance separating
adjacent fin structures in each of the first and second sets of
fin structures 55, 60 may range 35 nm to 45 nm. In another
example, the pitch P1 separating adjacent fin structures 55,
60 may range from 30 nm to 40 nm.

FIG. 11 depicts forming a gate structure 65 on the channel
region portion of the fin structures 33, 60. The gate structure
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65 typically includes at least a gate dielectric that 1s present
on the channel region the fin structures 55, 60, and a gate
clectrode that 1s present on the gate dielectric. In one
embodiment, the at least one gate dielectric layer includes,
but 1s not limited to, an oxide, nitride, oxynitride and/or
silicates including metal silicates, aluminates, titanates and
nitrides. In one example, when the at least one gate dielectric
layer 1s comprised of an oxide, the oxide may be selected
from the group including, but not limited to, S10,, H1O,,
/r0,, Al,O,, T10,, La,0O,;, Sr110,, LaAlO;, Y,O, and
mixture thereof. The physical thickness of the at least one
gate dielectric layer may vary, but typically, the at least one
gate dielectric layer 81 has a thickness from 1 nm to 10 nm.
In another embodiment, the at least one gate dielectric layer
has a thickness from 1 nm to 3 nm.

The conductive material of the gate electrode may com-
prise polysilicon, S1Ge, a silicide, a metal or a metal-silicon-
nitride such as Ta—S1—N. Examples of metals that can be
used as the gate electrode include, but are not limited to, Al,
W, Cu, and Ti or other like conductive metals. The layer of
conductive material for the gate electrode may be doped or
undoped. If doped, an 1n-situ doping deposition process may
be employed. Alternatively, a doped conductive material can
be formed by deposition, 10n implantation and annealing. In
yet another embodiment, when the fin structure 60 1s being,
employed 1n a p-FinFET, the gate electrode may be com-
posed of a p-type work function metal layer. As used herein,
a “p-type work tunction metal layer” 1s a metal layer that
cllectuates a p-type threshold voltage shift. In one embodi-
ment, the work function of the p-type work function metal
layer ranges from 4.9 €V to 3.2 eV. In one embodiment, the
p-type work function metal layer may be composed of
titanium and their nitrided/carbide. In one embodiment, the
p-type work function metal layer 1s composed of titanium
nitride (TiN). The p-type work function metal layer may also
be composed of TiAIN, Ru, Pt, Mo, Co and alloys and
combinations thereof.

In yet another embodiment, when the fin structure 55 1s
being employed in an n-FinFET, the gate electrode may
include an n-type work function metal layer. An “n-type
work function metal layer” 1s a metal layer that eflectuates
an n-type threshold voltage shift. In one embodiment, the
work function of the n-type work function metal layer
ranges from 4.1 eV to 4.3 eV. In some embodiments, the
n-type work function metal layer 1s composed of at least one
of TiAl, TanN, TiN, HIN, HfS1, or combinations thereof.

The gate structure 65 may be formed by using a deposi-
tion method, such as a chemical vapor deposition method
and/or a physical vapor deposition (PVD), to deposit the
material layers for the at least one gate dielectric layer and
the at least one gate electrode followed by photolithography
and etch processing.

In some embodiments, a gate sidewall spacer 70 can be
formed on the sidewall of the gate structure 65, as depicted
in FIG. 11. In one embodiment, the gate sidewall spacer 70
may be formed by using a blanket layer deposition process,
such as CVD, and an anisotropic etchback method. The gate
sidewall spacer 70 may have a width ranging from 2.0 nm
to 15.0 nm, and may be composed of a dielectric, such as a
nitride, oxide, oxynitride, or a combination thereof.

FIG. 11 further depicts one embodiment of forming
source regions 75 and drain regions 80 on the source and
drain region portions of the fin structures 55, 60 that are
present on opposing sides of the fin structure’s channel
region. The conductivity type, 1.e., whether n-type or p-type,
of the source and drain regions typically dictate the conduc-
tivity type of the semiconductor device, 1.e., whether the
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semiconductor device 1s n-type or p-type. As used herein,
“p-type” refers to the addition of impurities to an 1ntrinsic
semiconductor that creates deficiencies of valence electrons.
For example, in a type IV semiconductor material, such as
silicon (S1), germanium (Ge) or silicon germanium (S1Ge),
examples of p-type dopants, 1.¢., impurities, include but are
not limited to: boron, aluminum, galllum and indium. As
used herein, “n-type” refers to the addition of impurities that
contributes free electrons to an intrinsic semiconductor. For
example, 1n a type IV semiconductor, such as a silicon (S1),
germanium (Ge), and silicon germanium (S1Ge), examples
ol n-type dopants, 1.e., impurities, include but are not limited
to antimony, arsenic and phosphorous. In one embodiment,
the source and drain regions 75, 80 1n the first device region
20 are doped to an n-type conductivity to provide tensile
strained n-type FinFETs, and the source and drain regions
75, 80 1n the second device region 25 are doped to a p-type
conductivity to provide compressive strained p-type Fin-
FETs.

The source and drain regions 75, 80 typically include an
epitaxial semiconductor material that 1s formed on the
source and drain region portions of the fin structures 55, 60.
The epitaxial semiconductor material for the source and
drain regions 75, 80 may be a type IV s semiconductor, such
as silicon (S1), silicon germanium (S1Ge), germanium (Ge),
silicon doped with carbon (S1:C), or the epitaxial semicon-
ductor matenal for the source and drain regions 75, 80 may
be at type II1I-V compound semiconductor material, such as
gallium arsenide (GaAs). The epitaxial semiconductor mate-
rial may be doped to the conductivity type of the source and
drain region. The dopant may be introduced to the epitaxial
semiconductor material using in-situ doping. The term “in-
situ” as used to describe the dopant that provides the
conductivity type of the source and drain semiconductor
material means that the dopant, e.g., p-type dopant, that
dictates the conductivity type of the epitaxially formed 1n
situ doped source and drain semiconductor maternial 1s
introduced during the process step, e.g., epitaxial deposition,
which forms the in situ doped source and drain semicon-
ductor material. In some embodiments, extension source and
drain regions may be formed in the source and drain region
portions of the fin structure 55, 60 by thermally diffusing the
dopant from the epitaxial semiconductor material into the
active portion of the fin structures 35, 60. In some embodi-
ments, the charge carrier type dopant 1in said source and
drain region 75, 80 1s present in a concentration ranging
from 1x10°° dopants/cm” to 2x10°° dopants/cm”.

It 1s noted that 1n the above examples, a gate first process
has been described for forming the gate structure 64. The
methods and structures of the present disclosure are not
limited to only this process flow, as gate last processing 1s
also suitable for use with the present disclosure. A gate last
process can include forming a replacement gate structure on
the channel portion of the fin structures, forming a spacer on
the sidewall of the replacement gate structure, forming
source and drain regions on opposing sides of the replace-
ment gate structure, removing the replacement gate struc-
ture, and forming a functional gate structure in the space
once occupied by the replacement gate structure. The
replacement gate structure can include sacrificial material
that defines the geometry of a later formed functional gate
structure that functions to switch the semiconductor device
from an “on” to “ofl” state, and vice versa. A process
sequence employing a replacement gate structure may be
referred to as a “gate last” process sequence. Both gate first
and gate last process sequences are applicable to the present
disclosure.
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In another aspect, the present disclosure provides a semi-
conductor device, e.g., FInFET semiconductor device, that
includes a compressively strained fin structure 60 comprised
ol epitaxial silicon on a semiconductor material layer 35 of
silicon and phosphorus, a gate structure 65 on a channel
portion of the fin structure 60, and p-type source and drain
regions 75, 80 that are present on opposing sides of the
channel portion of the fin structure 60. The semiconductor
material layer 35 of silicon and phosphorus can have a base
material that i1s silicon phosphide (S1;P,). The p-type com-
pressively straimned semiconductor device, e.g., p-type Fin-
FET, 1s present 1n a second device region 25 of the semi-
conductor device substrate, while an n-type tensile strained
semiconductor device, e.g., n-type FinFET 1s present 1s a
first region 20 of the semiconductor device substrate, 1n
which the first and second device regions 20, 25 are provide
by the same substrate structure. The terms “first” and
‘second” as used to describe the different regions of the
substrate can be used interchangeably. For example, the
p-type FinFET can be 1 a first region, and the n-type
FinFET can be in a second region.

The n-type tensile strained FinFET can be composed of
epitaxial silicon fin structures 35 on a strain relaxed bufler
(SRB) layer 10a composed of silicon and germanium. The
tensile strained fin structure may further include a gate
structure 65 on a channel region portion of the tensile
strained fin structure 60, and n-type source and drain regions
75, 80 on opposing sides of the gate structure 65 that is
present on the channel region portion of the tensile strained
fin structure 55. In one embodiment, the compressive strain
in the compressive strained fin structures 60 ranges from
+0.5% to +5%, and the tensile strain in the tensile strained
fin structures 55 ranges from -0.5% to -5%.

Methods as described herein may be used 1n the fabrica-
tion of integrated circuit chips. The resulting integrated
circuit chips can be distributed by the fabricator i1n raw water
form (that 1s, as a single water that has multiple unpackaged
chips), as a bare die, or in a packaged form. In the latter case
the chip 1s mounted 1n a single chip package (such as a
plastic carrier, with leads that are aflixed to a motherboard
or other higher level carrier) or 1n a multichip package (such
as a ceramic carrier that has either or both surface intercon-
nections or buried interconnections). In any case the chip 1s
then integrated with other chips, discrete circuit elements,
and/or other signal processing devices as part of either (a) an
intermediate product, such as a motherboard, or (b) an end
product. The end product can be any product that includes
integrated circuit chips, ranging from toys and other low-end
applications to advanced computer products having a dis-
play, a keyboard or other input device, and a central pro-
CEeSSOor.

While the methods and structures of the present disclosure
have been particularly shown and described with respect to
preferred embodiments thereof, 1t will be understood by
those skilled 1n the art that the foregoing and other changes
in forms and details may be made without departing from the
spirit and scope of the present disclosure. It 1s therefore
intended that the present disclosure not be limited to the
exact forms and details described and illustrated, but fall
within the scope of the appended claims.

What 1s claimed 1s:

1. A method of forming a semiconductor device compris-
ng:

forming a semiconductor material of silicon phosphide

having the stoichiometry S1,P, that 1s relaxed using an
epitaxial growth process with silicon containing gas
precursors and phosphine gas precursor, the phosphine
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gas precursor being flowed to provide an overabun-
dance of phosphine with a tlow rate for the phosphine
gas precursor being greater than 300 sccm, wherein a
majority of phosphorus content of said semiconductor
material 1s chemically bound and electrically inactive;

epitaxially forming a compressive silicon (S1) containing
material on the semiconductor material including the
silicon phosphide (S1,P, ), wherein a compressive strain
in said compressive silicon (S1) containing material
results from a different in lattice dimension between the
silicon phosphide (S1,P,) and the compressive silicon
(S1) containing material;

forming a fin structure from the compressive silicon (S1)

containing material;

forming a gate structure on a channel region of the fin

structure having the compressive strain; and

forming p-type source and drain regions on opposing

sides of the channel region.
2. The method of claim 1, wherein the semiconductor
material including silicon phosphide (S1,P,) 1s formed
directly on a silicon containing substrate.
3. The method of claim 1, wherein the semiconductor
material including the silicon phosphide (S1,P,) has a thick-
ness ranging from 500 nm to 2.5 micron.
4. The method of claim 1, wherein the compressive strain
in the compressive silicon (S1) containing material ranges
from +0.5% to +2%.
5. The method of claim 1, wherein the semiconductor
material including the silicon phosphide (S1;P.,) 1s formed
on a supporting substrate composed of silicon.
6. The method of claam 1, wherein forming the p-type
source and drain regions comprises 1ion implanting a p-type
dopant into source and drain region portions of the fin
structures, epitaxially growing an in situ doped semicon-
ductor material on the source and drain region portions of
the fin structures, or a combination thereof.
7. A method of forming a semiconductor device compris-
ng:
forming a strain relaxed bufler (SRB) layer of a type IV
semiconductor atop a supporting substrate;

epitaxially forming a tensile semiconductor material atop
a first portion of the strain relaxed bufler layer (SRB)
layer;

removing a second portion of the SRB layer;

forming a semiconductor material having a different com-

position from the SRB layer and including a base
material of silicon phosphide having the stoichiometry
S1,P, that 1s relaxed using an epitaxial growth process
with silicon containing gas precursors and phosphine
gas precursor, the phosphine gas precursor being
flowed to provide an overabundance of phosphine with
a flow rate for the phosphine gas precursor being
greater than 300 sccm, the semiconductor material
formed atop a surface of the supporting substrate
exposed by removing the second portion of the SRB
layer, wherein a majority of phosphorus content of said
semiconductor material 1s chemically bound and elec-
trically 1nactive;

epitaxially forming a compressive semiconductor mate-

rial atop the semiconductor material including the base
material of the silicon phosphide (S1,P,), wherein a
compressive strain 1n said compressive semiconductor
material results from a different in lattice dimension
between the silicon phosphide (S1;P,) and the com-
pressive material; and
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forming compressive FinFET structures from the com-
pressive semiconductor material and tensile FinFET
structures from the tensile semiconductor material.

8. The method of claim 7, wherein said forming com-
pressive FInFET structures from the compressive semicon-
ductor material and tensile FinFET structures from the
tensile semiconductor material comprises:

forming compressive fin structures from the compressive

semiconductor material and tensile fin structures from
the tensile semiconductor material;

forming gate structures on a channel region of the com-

pressive and tensile fin structures;

forming n-type source and drain regions on opposing

sides of the channel region for the tensile fin structure;
and

forming p-type source and drain regions on the opposing

sides of the channel region for the compressive fin
structure.

9. The method of claim 7, wherein the strain relaxed
bufler (SRB) layer comprises at least one semiconductor
layer selected from the group consisting of silicon germa-
nium (S1Ge), silicon germanium doped with carbon (S1Ge:
C) and silicon.

10. The method of claim 9, wherein the strain relaxed
butler (SRB) layer has a thickness ranging from 500 nm to
1.5 micron.

11. The method of claim 9, wherein the tensile semicon-
ductor material 1s silicon (S1) and the compressive semicon-
ductor material 1s silicon (S1).

12. The method of claim 11, wherein a compressive strain
in the compressive semiconductor material ranges from
+0.5% to +2%, and a tensile strain in the tensile semicon-
ductor maternial ranges from -0.5% to —2%.

13. A method of forming a semiconductor device com-
prising;:

forming a semiconductor material of silicon phosphide

having the stoichiometry S1,P, that 1s relaxed using an
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epitaxial growth process with silicon containing gas
precursors and phosphine gas precursor, the phosphine
gas precursor being flowed to provide an overabun-
dance of phosphine with a flow rate for the phosphine
gas precursor being greater than 300 sccm, wherein a
majority of phosphorus content of said semiconductor
material 1s chemically bound and electrically inactive;

epitaxially forming a compressive silicon (S1) containing
material on the semiconductor material of silicon phos-
phide (S1,P.), wherein a compressive strain in said
compressive silicon (S1) containing material results
from a different 1n lattice dimension between the silicon
phosphide (S1,P,) and the compressive silicon (Si1)
containing material;

forming a fin structure from the compressive silicon (S1)

containing material; and

forming p-type source and drain regions on opposing

sides of a channel region of the fin structure.

14. The method of claim 13, wherein the semiconductor
material of silicon phosphide (S1,P,) 1s formed directly on a
silicon containing substrate.

15. The method of claim 13, wherein the semiconductor
materal of silicon phosphide (S1;P,) has a thickness ranging
from 500 nm to 2.5 micron.

16. The method of claim 13, wherein the compressive
strain 1n the compressive silicon (S1) containing material
ranges from +0.5% to +2%.

17. The method of claim 13, wherein the semiconductor
material of silicon phosphide (S1;P.) 1s formed on a sup-
porting substrate composed of silicon.

18. The method of claim 13, wherein forming the p-type
source and drain regions comprises 1ion implanting a p-type
dopant into source and drain region portions of the fin
structures, epitaxially growing an in situ doped semicon-
ductor material on the source and drain region portions of
the fin structures, or a combination thereof.
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